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NOMENCLATURE

Radius of the pump beam (m)

Speciﬁc absorption coefficient of smoke (m?/g)
Specific extinction coefficient of smoke (m%/g)
Specific absorption coefficient of water (m?/g)
Specific extinction (or absorption) coefficient of NO, (m?/g)
Optical absorption (m™!)

Optical constant

Particle diameter (um)

Modulation frequency (Hz)

Transmitted light power (W)

Transmitted light power through optical elements (W)
Original light power of source (W)

Thermal conductivity (W/m-K)

Diffusion length (m)

Optical path length (m)

Complex index of refraction

Real part of the index of refraction

Gas pressure (Pa)

Radial distance to detector (m)

Temperature (K)

Average transmission of the optical elements

Beam separation distance (m)

Thermal diffusivity

Ratio of specific heats

Wavelength (nm)

Soot concentration (mg/m?)

Solid density of carbon in soot (g/cm?)
Gas density (kg/m?)

Water concentration (g/m?)

NO, density (kg/m?)
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Subscripts
0

rms
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Beam crossing angle (radians)

Reference conditions

Root mean square value of a variable

Fluctuating value of a variable




SUMMARY

Smoke meters with increased sensitivity, improved accuracy, and rapid response are need-
ed to measure the smoke levels emitted by modern jet engines. The standard soiled tape me-
ter in current use is based on filtering, which yields long-term averages and is insensitive to
low smoke levels. Two new optical smoke meter techniques that promise to overcome these
difficulties have been experimentally evaluated: modulated transmission (MODTRAN) and
photothermal deflection spectroscopy (PDS). Both techniques are based on light absorption
due to smoke, which is closely related to smoke density. They are variations on direct
transmission measurements which produce a modulated signal that can be easily measured
with phase sensitive detection. The MODTRAN and PDS techniques were tested on low lev-
els of smoke and diluted samples of NO, in nitrogen, simulating light absorption due to
- smoke. The results are evaluated against a set of ideal smoke meter criteria that include a
desired smoke measurement range of 0.1 to 12 mg/m’® (smoke numbers of 1 to 50) and a
frequency response of 1 per second. The MODTRAN instrument is found to be inaccurate
for smoke levels below 3 mg/ m? and is able to make a measurement only about once every
20 seconds because of its large sample cell. The PDS instrument meets nearly all the charac-
teristics of an ideal smoke meter: it has excellent sensitivity over a range of smoke levels
from 0.1 to 20 mg/m> (smoke numbers of 1 to 60) and good frequency response (1 per
second).




Section 1

INTRODUCTION

As early as 1960, jet engine smoke emissions were a concern because of the detectability
of black smoke trails from military aircraft. Later, smoke emissions from commercial jet air-
craft traffic near metropolitan airports, particularly during landings and takeoffs, were the ob-
ject of studies assessing aircraft contributions to air poliution.! These problems are an ongoing
concern, and low smoke emissions are a primary goal of the jet engine designer. For military
aircraft, the engine designer must meet the often conflicting goals of low smoke emissions
and high altitude relight capability. The use of broader specification aircraft fuels (which
often increase smoke emissions) promises to exacerbate these problems with the added con-
cern of higher radiative loading of the combustion liner.

Efforts to control and reduce smoke emissions through new engine design and control
technology are a continuing pursuit. These investigations have focused on both combustor
design2 and fuel additives® to reduce smoke emissions. Such efforts require accurate mea-
surements to quantify smoke levels from jet engine exhausts. Smoke meters in current use
are based on filtering techniques,*> which yield only long-term averages. These techniques
require lengthy and costly engine tests, and the data reduction for them may take days to
complete. Methods are needed to achieve increased range, improved accuracy, and faster
response.

With the recent advances in optical and laser measurements, alternate methods are start-
ing to emerge for measurement of smoke levels. For example, laser-induced photoacoustic
spectroscopy has been used to make measurements of soot from diesel exhausts.®’ Although
diesel exhausts generally have higher smoke levels than those encountered in jet engines, op-
tical techniques such as photoacoustic spectroscopy are promising candidates for accurate, rap-
id, and sensitive measurement of smoke from jet engines.

In view of these advances, a recent study? was undertaken to analyze these new tech-
niques and assess current technology for application to jet engine smoke measurement. A set
of criteria were determined to characterize an ideal jet engine smoke meter called the ““Gen-
eral Smoke Meter Requirements’ (see Appendix A), and all the potential smoke measure-
ment techniques were judged against these criteria. After an evaluation of a wide range of
smoke meter concepts including commercial instruments, five smoke measurement tech-
niques were considered in detail. Four optical techniques were studied: Modulated Transmis-
sion (MODTRAN), Cross Beam Absorption Counter (CBAC), Laser Induced Incandescence
(LIN), and Photoacoustic Spectroscopy (PAS). A rapid response filter instrument called a
Taper Element Oscillating Microbalance (TEOM) was also evaluated.

The description and analysis of the five most promising techniques are discussed in detail
in Reference 8, and only a few details will be given here. The MODTRAN technique was
judged the most promising candidate for jet engine smoke measurement. The MODTRAN
technique is a variation on a direct transmission measurement in which smoke is passed
through a transmission cell and the smoke density is modulated by a loudspeaker. The fluc-
tuating component of the optical transmission is measured; this value is directly proportional
to the light extinction and the smoke density. The primary advantage of the technique is that
the signal is directly related to the smoke density and insensitive to window contamination.
The other four techniques were ranked much lower than the MODTRAN instrument except
for the TEOM instrument, which was judged to be a good secondary standard as it is com-
mercially available.




The ‘‘General Smoke Meter Requirements’ given in Appendix A have been found to be
a good basis for evaiuation. This sei of requirements is identical to those used in the first
study® except for a modification of the smoke range of interest to 0.1—12 mg/m’® (smoke
numbers, SN = 1-50). In the earlier study, the ideal smoke meter had a measurement range
of 1-100 mg/m? (SN = 10-85). Because of design improvements, jet engines of current in-
terest have a lower range of smoke levels. This can be seen in Figure 1-1, where some mea-
surements of jet engine smoke and the corresponding visibility characteristics are shown.
Much of this data is for older engines, but the TF39-LS engine (a forerunner of modern
bypass engines such as the CF6-80) has a low smoke level (1 mg/m3, SN = 10) characteristic
of new jet engines.

Newer engines generally have smoke levels of 2 mg/m? (SN=20) and below. Because of
the lack of sensitivity of current standard soiled tape smoke meters,” smoke levels below 1
mg/m3? (SN = 10) cannot be measured accurately. For example, Champagne® has measured
the uncertainty of the soiled tape meter at a low smoke level of 0.4 mg/m? (SN = 5) to be
SN = 5+4 (a smoke density variation of 0.1 to 1 mg/m?). The ideal smoke meter should
have a lower limit sensitivity of 0.1 mg/m’ (SN = 1) because levels this low are thought to
exist in the exhaust of new high-bypass jet engines. The upper level of the smoke measure-
ment range is set by the needs of engine component development. Advanced experimental
combustors may produce higher smoke levels but seidom above 12 mg/m? (SN = 50). Thus
a more appropriate smoke meter range of 0.1-12 mg/m? is specified in the ‘‘General Smoke
Meter Requirements’ (Appendix A).

In this study two potential smoke meter techniques are experimentally evaluated: the
most promising technique of the previous study, MODTRAN, and a new technique not previ-
ously considered, photothermal deflection spectroscopy (PDS). The performance of these
smoke meters is compared against the ‘“General Smoke Meter Requirements.”

CLEAR POINTS: INVISIBLE TRAIL
SHADED POINTS:  FAINT TRAIL
BLACK POINTS:. VISIBLE TRAIL

- 70.
80 O J8s5
A T56-A15
e J7e17.8 40
P a O TF39-LS
60+ ° @ J52-P6A
@ @ J52-PBA T
g V|S|BLE ‘ TF39-|V ?
z ® TF30-P6 g
¥ | J79-17 —18.0 &
O 40— 7]
s 95% TRANSMISSION z
@ / &
z 4.0 &
2 9
w 7
201 o 2.0
o \geox TRANSMISSION 10
INVISIBLE ° Hos
0 1 | ! 1 |
0 0.5 1.0 15 2.0 25 3.0

NOZZLE DIAMETER (m)

Figure 1-1. Jet engine smoke density and visibility correlation



Section 2

EXPERIMENTAL EVALUATION OF THE SMOKE METER CONCEPTS

In the following sections, two smoke meters whose signal is proportional to the visible
light absorption of soot are experimentally evaluated: modulated transmission (MODTRAN)
and photothermal deflection spectroscopy (PDS). Optical techniques generally have a fast
response, which is a desirable quality in a new smoke meter. Smoke meters based on light
absorption by smoke have the advantage that the signal is closely related to smoke density
and insensitive to particle size. Optical scattering techniques do not offer this advantage. In
the experimental evaluation both optical techniques are directly compared to the standard
soiled tape meter and the tapered element oscillating microbalance (TEOM) while measuring
smoke.

2.1 MODULATED TRANSMISSION (MODTRAN)
2.1.1 General Description

Direct transmission measurements of soot extinction have the advantages of simplicity and
a close relationship to the desired measurement quantity —soot loading in units of mass per
unit volume. However, soot levels of 1 mg/m? attenuate light at about 1% per meter, which
is very difficult to measure with direct transmission because of window contamination and
detector instabilities. Modulated transmission (MODTRAN) is a variation on direct transmis-
sion in which the sample gas is passed through a cell and the gas density is modulated acousti-
cally by a loudspeaker. The only value measured is the fluctuating component of the light
transmission, which is directly proportional to the light extinction and insensitive to window
contamination. Accurate, sensitive measurements of light extinctions of 1% and below are
possible.

A typical modulated transmission configuration is shown in Figure 2-1. A source such as
an incandescent bulb, filtered to the desired color bandwidth, is focused through a gas cell
where the soot sampie is subjected to a moderately intense acoustic wave. The cell is closed
at one end and driven at a resonant frequency in a high order mode by a loudspeaker at the
other end. The light beam traverses a region of maximum gas density fluctuation, while the
soot sample is admitted and exhausted by ports near regions of minimum fluctuation density,
minimizing perturbation of sampie lines by the acoustic field in the cell. The transmitted light
beam is detected by a silicon photodiode. The small amplitude variation in the photodiode
signal (typically 107 to 107 of the average level) resulting from the acoustic modulation of
the soot absorber density can be determined quantitatively from the output of a lock-in
amplifier that uses the loudspeaker drive or a pressure transducer signal as a reference signal.
The analysis of this system, developed below, shows that soot mass concentration can be
determined from the following quantities: the rms variation and the average value of the
photodetector signal, a measure of the rms acoustic pressure fluctuation, and the specific ex-
tinction coefficient of soot. A combined calibration constant of the detectors can be deter-
mined by filling the cell with a known concentration of absorber gas (such as NO,).

2.1.2 Theoretical Principles

The light power (W) transmitted through an absorbing medium in a cell such as shown in
Figure 2-1 is given by Beer’s law:*

* Also known as Bouguer’s law or the Beer-Lambert equation.
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Figure 2-1. System configuration for modulated transmission measurement of soot concentration

I=1 T,exp(—AgpL) (2-1

1, is the original light power, 7, is the transmission of the optical elements (i.e., windows),
Ag is the specific extinction coefficient (sum of the absorption and scattering coefficients ex-
pressed in m2/g), p is the mass concentration of the soot in the gas and L is the path length
of the light through the cell.

In a practical sense, Beer’s Law is valid for monochromatic radiation over negligible to
moderate optical depth (typically, 0 < AgpL < 3). The upper limit on optical depth arises
because of multiple scattering, which can return part of the light originally diverted from the
beam by scattering. When broadband radiation is involved, Beer’s Law must be integrated
over wavelength, taking into account the variation of 4y with wavelength. However, in our
case AgpL is expected to be small (<<1) at all probed wavelengths, so that the first two
terms of the Taylor series expansion of exp(—Agp L) are sufficient. In this case the value of
Ag given by,

- flo(x)AE(x)dx

AN

can be used with Beer’s Law with negligible error. Here A(A\) and /,(\) are the values of
the specific extinction and the source intensity as a function of wavelength.

In modulated transmission the density in the cell is modulated. The transmitted light
power is given by, '



I+ 1I'()=1,IT, + T,/ (D) exp [= (p + p'(N) AgL] . (2-3)

Here [ is the value of the transmitted light averaged over a measurement period (typically
one second for this application) while /'(¢) is the fluctuation. The factors T, and T, (r) ac-
count for the average and fluctuation of transmission through optical elements, and p and
p'(r) are the average and fluctuating values of the soot mass concentration. In this applica-
tion the desired measured quantity is the averaged soot mass concentration, p, or the extinc-
tion per unit length, p Ac. As noted above, we are primarily concerned with measurement of
weak absorption values (e.g., 1% extinction or less, across a 10 cm path), and consequently, it
is accurate to expand the fluctuation of the exponential function in Equation 2-3 into its first
two terms, i.e., .

I+ 1I'(t) = LIT, + T,) (D1 [1 = pAgL (1 +p'(0)/p)] . (2-4)

For adiabatic, isentropic, expansion/compression cycles, the gas density fluctuations are given
by (assuming p,'<< p,),

pe'(Dlpgy = p' (1) (yp) (2-5)

where p,'(t) and p, are the average and fluctuating values of the gas density and p and p'(r)
are the average and fluctuating values of gas pressure, while y is the ratio of specific heats (y
= 1.4 for N,). -

The smoke particle mass fraction will fluctuate similarly to the gas. Calculations of particle
motion in turbulent gas flows (Melling and Whitelaw!?) that have been checked experimental-
ly (Mazumder and Kirsch!!) indicate that 1.3 um diameter TiO, particles will follow the veloc-
ity fluctuations up to 1 kHz with 99% fidelity. Soot particles have a density of 1 g/cm’, which
is less than half that of TiO,, and also have a greater frequency response. Thus soot particles
in the size of interest (0.01 — 1.0 wm) will follow the gas pressure fluctuations up to 1 kHz.
The soot density fluctuations, p'(7)/p, are given by the right-hand side of Equation 2-5. Sub-
stituting into Equation 2-4 we have,

I+1()=1,[T,+ T, I —pAgL (1 + p'(1)/(yp)] . (2-6)

A likely measurement procedure based on Equation 2-6 would involve determination of the
root-mean-square (rms) fluctuation of /'(r) in a narrow frequency band around the acoustic
frequency--a standard operation performed by a lock-in amplifier. Therefore we separate the
signal into its mean and time varying components. The mean signal is given by

I=1,T,(1— AgplL) -7
and represents the direct transmission measurement in the small extinction limit. The time

varying signal is given by, .
'ty == 1, [T, pAgL p' ()] (yp) (2-8)

— T,)() (1 = pAgL) + T,/(1) pAgL p'(0)/ (yp)]

which is the modulated transmission measurement. We assume, subject to later discussion,
that 7', (¢) has no significant frequency components above, say 100 Hz, whereas the primary




variation of p'(+) is in a narrow, much higher frequency band (typically near 750 Hz).
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Then only the first term in Equation 2-8 will contribute significantly to the acoustic bandwidth
rms average.

In that case, we have, taking the rms average of Equation 2-8,
lrms = ln TprELprms/ ('Yp) . (2-9)

Now the mass fraction of soot can be determined for the modulating transmission measure-
ment,

I

rms

L,

p

prms

Y
T,LAg

(2-10)

For jet smoke measurement using a typical transmission cell (L = 0.1 m) with visible light
(A = 10 m?%/g), this relationship is valid for the full range of smoke emission (0.1-10
mg/m?). The optical density in this case will be small (p 4L < 0.1).

The smoke mass concentration measurement by modulated transmission is independent of
the smoke particle size distribution function for smoke particles of 0.1 um diameter and
below. This is because the light scattering for smoke is negligible in the Rayleigh regime (di-
ameter < 0.1 um for A = 500 nm) and the mass specific absorption coefficient is not a func-
tion of diameter. For negligible scattering (a2 very good approximation for smoke), the
specific extinction coefficient is'?

mi—1
m2+2

67
PcA

AE;AA=_ (2'11)

where A4, is the specific absorption coefficient (m?/g), p. is the carbon particle density (~ 1
g/cm?®), and m is the complex index of refraction for the carbon particle.

As reported by Roessler and Faxvog,!? the extinction coefficient for soot at visible wave-
lengths will vary 200, depending on the combustion device. These variationg are traced to the
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extinction coefficient dependence on particle size distribution, index of refraction, particle
shape, and organic fraction, which all depend on the specific combustion process.

In practical direct transmission measurements, the cell is first filled with a non-absorbing
gas and the transmitted light power is measured (Equation 2-1),

Iy=1T, . (2-12)

Now the transmitted power, /, is measured with the soot present, and the densi;y is given by,

1
P 4L

1]
m(—’[”) . (2-13)

The difficulty in direct transmission measurements can be seen when this is approximated as,

1 ( [N—[
AL Iy

) . (2-14)

P



In the direct transmission measurement, the soot density depends on the difference of two
measured quantities. Since these quantities are nearly equal, when the extinction is small,
they must be determined with high precision to yield even a moderately accurate density. On
the other hand, the modulated transmission measurement, Equation 2-10, depends directly
on the magnitudes of individual quantities, and thus yields density values as accurate as the
measurements; this is the primary advantage of the technique.

2.1.3 Experimental Setup

A modulated transmission cell was constructed as shown in Figure 2-2. The cell was made
of two brass cylinders (each about 470 mm in length with an inside diameter of 102 mm) sep-
arated by the speaker. One side of the cell was used to measure the sample and the other as
a speaker resonator. The resonator could be tuned to maximize the acoustic resonance in the
sample cell.

The cell walls were of brass material (6.3 mm thick) to minimize the sympathetic vibration
of the cylinder walls. Quartz windows (37 mm diameter, 3 mm thick) were placed in the
center of the sample cell to pass the light beam. The optical path (L) for the measurements
is 100 mm. The smoke sample passed through tube fittings (5 mm ID) on the cylinder walis
(Figure 2-2). The microphone was mounted on the center of the end plate on the sample
cell.

A schematic of the optical setup and detection electronics is shown in Figure 2-3, and a
photograph of the system is shown in Figure 2-4. A microscope illuminator tungsten lamp is
powered by a stable dc power supply (7 V, 2.8 A). A tungsten light source is preferred over
other light sources (such as lasers and arc lamps) because the tungsten lamp has a very con-
stant light output. The rms magnitude of the modulated transmission signal can be as small
as 107% of the dc light level, and small fluctuations of the light source can limit detection of
this small signal. Plasma-generated light sources such as lasers and arc-lamps are inherently
noisy light generators.

The lamp light output (25 mm diameter) was fiitered by a blue color filter (Corning
#5433), passed through the sample cell, and focused to a 10 mm diameter beam by a 75 mm
focal length lens onto a silicon photodiode (EG&G model HUV-1100BQ, 1 MQ feedback
resistor, 2.5 mm dia. active area). The photodiode signal was amplified and filtered by a
band-pass filter at the speaker frequency. A lock-in amplifier, which was referenced to the
speaker drive frequency detected the modulated transmission signal (/,,,). The dc level of
the photodiode output was monitored by a voltmeter to determine the light intensity (/,).

The speaker (802, 4 in. diameter) was driven at a constant frequency (750 Hz) by a signal
generator coupled to an audio amplifier. The acoustic frequency at 750 Hz produced an axial
acoustic resonance in the cylinder with a maximum pressure oscillation at the light beam loca-
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Figure 2-2. Modulated transmission cell
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tion. Other resonances were tried but the 750 Hz resonance gave the maximum pressure 0s-
cillation and thus the maximum modulated transmission signal. The 750 Hz resonance pro-
duces an acoustic pressure oscillation in the beam which has an rms level of about p,,/p =
0.15% or about 140 db. The signal from the microphone (B&K Model 4135) was amplified by
a B&K Model 2618 amplifier and recorded by an rms voltmeter to determine p,,;. The mi-
crophone was calibrated by a piston phone, which gave 3.48 mV/pascal.

2.1.4 Nitrogen Dioxide Measurements

Small amounts of NO, were used to simulate smoke absorption and test the sensitivity of
the MODTRAN technique. Known concentrations of NO, gas diluted in nitrogen were
passed through the cell, and both modulated transmission and direct transmission techniques
were used to measure the extinction coefficient of NO,. (4 No, Was calculated from Equations
2-10 and 2-13.) The results for the two different calibration bottles shown in Table 2-1 gave
values of Ao, that compared within less than 2%. Levels in the calibration bottles are shown
since NO, levels in the calibration bottles may change slightly with time. The slight variation
in the measured value of Ay, is probably due to uncertainties in the NO, concentrations in
the bottles. In all experiments with NO,, reduced levels of NO, are obtained from a single
calibration bottle which is diluted with nitrogen using calibrated sonic orifices so that uncer-
tainty in the NO, levels in the calibration bottles does not affect the linearity of the results.

The average extinction coefficient from Table 2-1 is 0.42 mz/g. Thus 1 mg/ m? of smoke
will be equivalent to the following density of NO,:

- p Ag 10 mz/g
= = (1 3 = 24 3 2-15
PNO, = [ 2 mg/m”) pr; 2/g mg/m ( )

At one atmosphere pressure and a temperature of 21 °C, this is equivalent to 12.5 ppm of
NO,.

Next, the sensitivity limits of modulated transmission were tested by measuring small
amounts of NO, diluted in nitrogen, which simulated low levels of smoke. In this test, NO,
from two calibration bottles (200 ppm and 207 ppm) was diluted with additional nitrogen us-
ing calibrated critical flow orifices. Diluted NO, samples down to 25 ppm of NO, (equivalent
to 2 mg/m> of smoke) were tested, and the results are shown in Figure 2-5. The ideal sys-
tem response is given by the straight line through the origin. The values at 200 ppm and 207
ppm are the system calibration points, which, by definition, fall on the ideal line.

Table 2-1

Nitrogen Dioxide Measurements

NO,
Calibration ANO2
Gas Measurement Difference
(ppm) Technique (m?/g) (%)
- 200 Direct Transmission 0.414 0.5
MODTRAN 0416
207 Direct Transmission 0.421 1.4
MODTRAN 0.427

10
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Figure 2-5. Modulated transmission signal from diluted samples of NO; in nitrogen

The signal response is linear and shows a good signal-to-noise ratio down to about 35 ppm
of NO,, which is equivalent to 3 mg/ m?. This is about three times the lower sensitivity limit
given in the ‘‘General Smoke Meter Requirements’ given in Appendix A.

2.1.5 Smoke Measurement

Measuring smoke from a smoke generator, the modulated transmission technique was
compared to two other instruments: a standard soiled tape meter®> and a tapered element os-
cillating microbalance!>'# (TEOM, a commercially available instrument). The smoke genera-
tor was built after a design by Lee and Mulholland.!> Smoke from the soot generator was al-
ternatively measured in all three instruments as shown in Figure 2-6.

For the soiled tape meter, the reflectance of each spot was determined by a reflectometer
and the smoke number determined according to Aerospace Recommended Practice 1179A.°
The smoke numbers were then converted to smoke density using the correlation determined
by Shaffernocker and Stanforth.* During the test the smoke numbers and smoke densities
ranged from 5 to 88 and 0.5 to 127 mg/m’, respectively.

The TEOM instrument collects the soot in a filter element mounted on the end of a hol-
low vibrating tube, where the vibration frequency gives a real-time measure of the collected
particulate mass. The technique is described in detail by Wang et al.'> The instrument
records the collected soot mass, A m, and the soot density is given by

N Am(ug)
p(mg/m’) ~ e e (/mim) (2-16)

where ¢ is the collection time and Q is the volumetric flow rate. The values of Am and ¢
were determined from the strip chart output of the TEOM. Only a few measurements were

11



SOILED
TAPE

MODTRAN CELL

SOO0T
GENERATOR ®

TEOM

Figure 2-6. Flow schematic of modulated transmission test measuring smoke

made with the TEOM instrument because it was difficult to get a stable output, particularly
after a new filter was installed.

The burner did not function as a stable source normally used to calibrate instruments.
The smoke output of the burner was difficult to adjust and would often vary uncontrollably
throughout the experimental run. After 30 minutes the burner would become contaminated
with smoke deposits and need to be cleaned. The measurements from the different instru-
ments could not be taken simultaneously but were taken in rapid succession (usually within a
minute of each other) to attempt to sample the same level of smoke given off by the burner.
The MODTRAN cell was cleaned before each experiment. The smoke density measurements
are given in Figures 2-7, 2-8, and 2-9.

In the first test (Figure 2-7) the MODTRAN and soiled tape instruments were compared
for smoke levels 2 to 14 mg/m>. Other than the very high smoke value for the soiled tape at
16 mg/m>, all the values seem to agree within = 10% of each other. The value for 4z of 10
m?/g (which is typical of literature values in the visible range,'? which vary between 8 to 10
m?2/g) was used in all these results and seemed to give good correspondence between the
MODTRAN and soiled tape instruments.

In the second test (Figure 2-8) a comparison of the TEOM and MODTRAN instruments
was made at high smoke levels (up to 88 mg/m®). The TEOM instrument did not operate
very well at these levels because the filter became choked with soot very quickly. The
manufacturer indicates that a filter pressure drop of 15 in. Hg or greater is unacceptable.
After installing a clean filter in the TEOM, a pressure drop of 15 in. Hg was reached in as lit-
tle time as 3 minutes at these high smoke levels. As the pressure drop built up, there
seemed to be a rapid decrease in the TEOM output until at a pressure of 15 in. Hg pressure,
the signal was as much as 75% too low. When starting with a clean filter at these high smoke
els (>70 mg/m?), only the first one or two TEOM readings seemed to agree with the MOD-
TRAN output. :

All three instruments are compared in the last test in Figure 2-9. For the measurements
around 3-4 mg/m?, all the measurements are within = 30% or = 1 mg/m’. As the smoke
level was increased, the results showed more scatter up to = 50%. It is not clear whether
most of the scatter is due to fluctuation in the soot source or measurement uncertainty.

The results, including data not shown in Figures 2-7 to 2-9, are summarized in Table 2-2,
where the smoke levels measured by the MODTRAN and TEOM instruments are compared
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Table 2-2

Comparison of MODTRAN and TEOM Instruments
To the Soiled Tape Smoke Meter

Smoke MODTRAN TEOM
Density Smoke | Low High | Low High
{mg/m?’) No. (%) (%) (%) (%)

0.5-2 7-20 -60 -50 - -

50 -50 - -
2-4 | 20-31 | -25 0 . -
0 50 . .

-50 -10 -40 10
4-10 | 31-47 -20 10 - -
-10 10 -50 -30

-50 30 -20 1

10-20 | 47-59 -20 0 - -
-10 40 40 80

20-50 | 59-74 -50 10 - -
-30 -20 -20 20

50-100 | 74-85 -50 0 - -
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to the standard soiled tape smoke meter. These results are based on very few points (espe-

cially for the TEOM instrument) and are difficult to interpret because the smoke source fluc-
tuated during the runs. However, a few trends can be seen. In the lower range (0.5-2.0
mg/m?), the MODTRAN instrument read low. There were mixed results from 2 to 4 mg/m?
(smoke numbers 20-31). The MODTRAN instrument generally agreed with the soiled tape
meter in the range 4-20 mg/m’ (smoke numbers 31-60). In the high range (20-100 mg/m?3)
the MODTRAN signal is low sometimes, for a number of possible reasons:

1. The MODTRAN signal could be lower due to window contamination, which reduces the
window transmissipn.

2. There could be significant agglomeration in the cell at these high soot levels to form
larger sized particles. The specific absorption coefficient of soot decreases for larger parti-
cle sizes (greater than about 0.2 um) according to MIE scattering calculations (see Figure
4 of Reference 3).

3. The soiled tape measurement is too high because of inaccuracies at high soot levels
where the reflectance is nearly zero and difficult to measure reliably.

Only a few points were measured with the TEOM because of difficulties in getting the instru-
ment to stabilize. The only firm conclusion is that sampling of undiluted high-level smoke
(greater than 50 mg/m?) is difficult as the filter is rapidly choked with soot, resulting in read-
ings as much as 75% low.

2.1.6 Evaluation

The major problem with the modulated transmission technique is the lack of sensitivity at
the low levels of smoke. The lower limit of sensitivity is determined to be about 3 mg/m?3
from both the NO, and smoke measurements. This is about 30 times higher than the smoke
meter requirements (Appendix A).

Various improvements, such as multi-beam pass and alternative cell designs (and alterna-
tive acoustic resonances) were considered to increase the signal level. In addition. the cell
could be constructed of lead to minimize window vibrations and increase the signal-to-noise
ratio. However, these improvements are unlikely to achieve the factor of 30 needed for a
lowered sensitivity limit of 0.1 mg/m°.

Because of window contamination, the MODTRAN instrument measured lower than ex-
pected signals for high levels of smoke (20 to 100 mg/m?®). These high levels are seldom en-
countered in jet engine exhausts and above the smoke density range given in Appendix A.
However, the MODTRAN cell should be designed to minimize contamination of the windows
by soot.

Although the MODTRAN optical signal has good frequency response (liters per second),
the cell volume of the MODTRAN system is large (3.8 liters) and will certainly limit the ulti-
mate time response of the instrument. A sample frequency of liters per second is desirable
(Appendix A). This would require a sample flow rate of about 4 liters/second. This smoke
sampie flow rate is about 10 times higher than current smoke meters. The standard soiled
tape meter has a sample flow rate of only 0.2 liter/second. Thus, a reduction of the MOD-
TRAN cell size is desirable to reduce the sample flow rate requirements and improve the fre-
quency response. However, a reduction of the cell size would only increase the sensitivity
problems as the optical path length would be reduced.
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2.2 PHOTOTHERMAL DEFLECTION SPECTROSCOPY (PDS)
2.2.1 General Description

A recently developed technigue that was not considered in the initial survey of smoke me-
ter techniques® does hold promise of detection down to 0.1 mg/m’ of smoke. A technique
called ‘‘photothermal deflection spectroscopy’” (PDS) has been demonstrated in gases
measuring ethylene!® to an absorption level of 1075 m™!, which is 100 times more sensitive
than needed for the present smoke instrument. For 0.1 mg/m?>, the absorption for soot in
the visible (A = 0.5 um) is

pA, = (0.1 mg/m?)(10 m¥g) = 1073m™! | ' (2-17)

which should be easily measurable with PDS since it is 100 times larger than the previously
demonstrated sensitivity limit.

The PDS technique is based on heating a probe laser beam with a modulated pump beam
(see Figure 2-10). The small diameter probe beam crosses the larger pump beam at a small
angle. The higher energy pump beam is absorbed by the smoke, which heats the gas and
deflects the probe beam. The gas is alternately heated and allowed to cool by modulating the
pump beam, producing an oscillating deflection of the probe beam that is easily detected by a
position sensor and a lock-in amplifier. The deflection signal is proportional to the optical ab-
sorption of the smoke, which is closely related to the smoke density.

The PDS technique has been demonstrated for absorption measurement in gases
(ethylene,'®!7 propane.'® nitrogen dioxide!® and hydroxyl radicais?®) liquids,2! solids,?? and
thin films.22 The gas absorption measurements have been reported for both static condi-
tions'®!8 and flowing conditions (i.e., jets,'” flat flame burners,!® and premixed flamesZ’).

2.2.2 Theoretical Principles

A schematic of the method for gas or smoke analysis is shown in Figure 2-11. The output
beam of an argon-ion laser (all visible lines, 1.3 mm diameter) crosses a He-Ne probe beam
(632.8 nm, 0.9 mm diameter) in the measurement zone at a small angle, 8. The cross-
sections of the intersection of the two beams is shown in Figure 2-10. The argon-ion pump
laser is modulated by a mechanical chopper. The smoke particles absorb the light and the gas
in the pump beam is heated. The temperature gradient produced by the heating induces an
index of refraction gradient that deflects the probe beam at the modulation frequency. The
deflection of the probe beam is detected by a position sensor (photodiode bi-ceil). Both a
double-density flint prism and a narrow band (1 nm) interference filter are used to reject any
light from the pump beam. The output of the bi-cell is amplified and sensed by a lock-in

TOP VIEW Coy PUMP (ARGON ION LASER})
| : PROBE (HeNe LASER)
o
[ 0
I |
1

|
|
1
|
|
o0 fo‘\ ARGON ION LASER

HeNe
LASER

SIDE VIEW

Figure 2-10. Photothermal deflection spectroscopy (PDS) beam crossing schematic
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Figure 2-11. PDS optical setup and detection electronics

amplifier. The lock-in amplifier rejects noise signals that are not at the frequency of the
modulated pump laser.

The deflection angle (radians) of the beam for low modulation frequencies where the ther-
mal diffusion length is larger than the pump beam radius is®'

- ﬂ lo [ —b‘,L] [ —x,,z/az]
o6=C T __kw2x0 l1—e l1—e (2-18)
where #n is the index of refraction, /, is the laser power (watts), k is the thermal conductivity
of the gas (w/m-K), x, is the minimum separation of the probe and pump beams, b, is the
optical absorption (m~!), L is the beam crossing length (m), a is the radius of the pump
beam (m) and C is a constant resulting from the small beam crossing angle (C = 1). (A
more rigorous expression for PDS deflection in a co-linear system (small crossing angle) is
given by Jackson et al.2¥) For smoke, the optical absorption will be small (b,L << 1), giv-
ing
—b,L ~
l—e %t = b L =pa,L (2-19)

where p is the smoke density (mg/m?) and A4, is the mass specific absorption of smoke
(m2/g). The probe laser is positioned at the location of maximum signal (x, = a) and the
deflection angle (radians) is given by

dn pAA Llo
=0.6321C — —— (2-20)
¢ dT  knix,
The actual deflection on the detector will be _
Ax = R¢ (2-21)
where R is the distance from the deflection point to the detector.

The index of refraction variation with temperature is given by Gladstone and Dale’s em-
pirical law.?*

17



(n—1)/p = constant (2-22)

or

—_ -1
(II 1) - (”n ) (2_23)
P Po

where n, and p, are the index of refraction and gas density at reference conditions. Solving
Equation 2:23 for n and differentiating with respect to temperature, we have
“ dn

T=-3 (n,,—l) (2-24)

For light at A = 0.6 propagating in the atmosphere at 7, = 288 K (15 °C), the index of re-

fraction is n, = 1.000276. Experiments will be typically performed at room temperature T

= 294 K (21 °C), and the differential is,
d’l _7 -

T =92x10""7 K! (2-25)

For a PDS instrument detecting smoke, typical parameters will be:

C = 1.0

I, = 1L.0W

X, = 0.65 mm

L = 00lm

k = 0.026 w/m-K
Ay = 10 m?/g

At the lower limit of smoke detection, p = 0.1 mg/ m?, the minimum deflection angle will be
¢ = 3x10¥ radians

or for R = 1 meter the deflection will be,

Ax = 30 nm

Detection of this signal is easily attainable since the sensitivity limit of bi-cell detectors® is
listed as = 0.1 nm.

The temperature rise due to the light absorption is slight. For the typical PDS system de-
scribed above, the calculated temperature rise ranges from about 0.01 K to 1 K for smoke
densities ranging from 0.1 to 12 mg/ m>.

It is desirable to operate at the highest modulation frequency possible to give the best time
response for the smoke meter. The highest modulation frequency will be when [, = a where
l; is the thermal diffusion length at the modulation frequency. At high modulation frequen-
cies (/; < a) the deflection signal decreases w1th increasing frequency, Wthh is undesirable
(Ax = 1/f, where f is the modulation frequency?!).

The thermal diffusion length is related to the modulation frequency by,
f=all} (2-26)
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where a is the thermal diffusivity (m?/s). For a pump beam with a 0.65 mm radius in air (a
= 2.15 x 1073 m?/s), the highest modulation frequency without loss of signal will be about
50 Hz (where /[; = a = 0.65 mm). For smoke measurement, the maximum modulation fre-
quency will be lower because the heated smoke particles cool more slowly than the gas.

The PDS system was first tested measuring NO, to simulate smoke absorption. The aver-
age extinction coefficient of NO, at the argon-ion visible wavelengths (476.5-514.5 mm) is
about 0.34 m?/g.?6 Thus, 1 mg/ m’ of smoke will be equivalent to the following density of
NO,,

p A

pro, = - = (1 mg/m)

——=- =129 3 (2-28
NO, 0.34 mY/g mg/m )

At one atmosphere pressure and a temperature of 21 °C, this is equivalent to 16 ppm of NO,.

2.2.3 Experimental Setup

The optical setup used in the tests is shown in Figure 2-11. The argon-ion pump beam
(1.3 mm diameter, 1-5 W, all visible lines, 476.5-514.5 nm) is combined with a helium-neon
probe beam (0.9 mm, 5-15 mW, 632 nm) with a dichroic mirror, and the two beams cross in
the sample cell at an angle of = 0.5°. The minimum beam separation (see Figure 2-10) is
equal to the pump beam radius (0.65 mm) that gives the maximum deflection signal. The
sample cell is a cylinder (305 mm long by 12.7 mm inside diameter) made of black anodized
aluminum with two window flats on each end. The sample gas enters and exits the cell
through tube fittings (5 mm ID) mounted on the sidewall near each end. Care is taken that
the pump and probe beams do not intersect on the windows to avoid spurious beam
deflections due to heating of window contaminants. The small cell volume (39 cc) gives fast
sampling of the smoke at moderate flow rates (1 volume exchange per second at 2.4
liters/min). (The standard soiled tape meter operates at 12 liters/min sample flow.)

The pump beam is modulated by a chopper at a fixed frequency (750 Hz for NO, mea-
surements and 48 Hz for smoke measurements). The modulated pump beam power is moni-
tored continuously by a power meter. After passing through the cell, the helium-neon probe

beam is deflected by a double-density flint prism and directed by a mirror onto a bi-cell detec-
tor (FG&G Mnrir—\! TTV 140Rn ')\ which is nlaced 1 T m fram tha hasm srneging naint Tha

VAT AVAUVGW Ailwil 1D PIAVWAE L./ 111 LIV LW Uwaill ViUVOoolLEs pulLLLL. 4 1w

flint prism disperses any residual argon-lon light away from the bi-cell detector. An interfer-
ence filter (1 nm band-pass) mounted on the bi-cell detector eliminates any stray light. The
bi-cell position detector signal is differentially amplified, passed through a band-pass filter, and
detected by a lock-in analyzer referenced to the chopper frequency. The magnitude of the
lock-in output is linearly proportional to the absorber concentration (either smoke or NO,).
A photograph of the PDS smoke measurement system is shown in Figure 2-12.

2.2.4 Nitrogen Dioxide Measurements

The PDS system was analyzed and calibrated using NO, (370 ppm) simulating smoke.
The detected signal level from NO, as a function of the laser power is shown in Figures 2-13
and 2-14. The laser power shown is the average power of the modulated argon beam exiting
the sample cell. For example, at a laser power setting of 4 W continuous light, the average
power of the modulated light exiting the sample cell is 1250 mW. All the NO, measurements
are at a modulation frequency of 750 Hz and a time constant ranging from 1 to 3 seconds for
the lock-in amplifier. In Figure 2-13, the signal shows good linearity with laser power for
equivalent smoke levels of 2 to 23 mg/m’ (16 ppm of NO, is equivalent to 1 mg/m’ of
smoke). Figure 2-14 shows the lower range of equivalent smoke from 0.2 to 1.5 mg/m?>.
Even at 0.2 mg/m? of equivalent smoke, the signal shows good linearity and signal-to-noise
ratio. Repeated measurements at this level showed only a + 5% variation.
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Figure 2-14. PDS signal variation at low laser power

The PDS system was tested with very low levels of NO, to establish its sensitivity. As
shown in Figure 2-15, the PDS signal showed good linearity and excellent sensitivity down 1o
3.5 ppm of NO,, which is equivalent to about 0.2 mg/m? of smoke. In this measurement, the
noise level was very low—only 0.01 mV. Thus for signal-to-noise levels of 10 and 3, the
lowered bounds of sensitivity for smoke are 25 ug/m’ and 8 ug/m’ respectively. At 10
ng/m’ of smoke, the light absorption is only 0.01% per meter (107* % per cm). The effective
sample volume is about 20 cm long, giving a total absorption of 0.002%. Previously, the
MODTRAN instrument had difficulty measuring 3 mg/ m?, which is about 3% per meter ab-
sorption. Thus the PDS instrument exhibits sensitivity limits that are over 100 times better
than the MODTRAN instrument.

The effect of the sample cell flow rate on the PDS signal was measured. For sample flows
between 1.5 cc/sec to 100 cc/sec, there was no measured effect of the flow rate. However,
when the flow was shut off so that the NO,-laden gas was stationary, the PDS signal de-
creased about 15%. Since the cell was completely leak tight, this decrease is not due to dilu-
tion of the sample by leakage of outside air. The flowing sample probably enhances the signal
slightly by increasing the heat convection during the cooling cycie.

2.2.5 Smoke Measurement

The PDS instrument was tested measuring smoke and compared to the TEOM!? and the
standard soiled tape instruments.* As before with the MODTRAN instrument a burner
modeled after a design by Lee and Mulholland!® was used to produce smoke. Also a
differential mobility analyzer (DMA) measured the smoke particle size produced by the
smoke generator. The flow system is shown in Figure 2-16. In all comparisons the PDS sig-
nal was recording simulitaneously with each instrument. Because the smoke output from the
smoke generator was erratic, a 30 second time response was used for the PDS electronics.
The smoke sampie flow rate was 3 liters/min except when using the DMA, which could
tolerate a flow rate of only 0.6 liter/min. At 3 liters/min, the smoke sample in the cell is
purged at a frequency of 1.3 Hz. The particle size distribution as measured by the DMA is
given in Figure 2-17. The median smoke particle size is 0.04 pm diameter (50% of the
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smoke particles are below this size). At this smoke particle size, the coefficient 4, and there-
fore the PDS signal are independent of particle size (see Equations 2-11 and 2-20).

The smoke measurement test of the PDS system was performed in a laboratory where a
standard optical bench was unavailable. A crude optical table was constructed from two 8 ft x
4 ft x % in. pieces of plywood, which were screwed together and placed on a laboratory
bench. This configuration was not as rigid as the optical tables used in the past. Because the
table was not rigid, the probe beam gradually moved off the center of the bi-cell and had to
be re-centered about every half-hour. The dc level of the differential amplifier was constantly
monitored on an oscilloscope to make sure that the probe beam was centered. No attempt
was made to isolate the table from vibrations. Vibration from a large compressor nearby pro-
duced a low-frequency signal on the bi-cell detector that was equivalent to a large smoke sig-
nal. However, the lock-in detection easily removed this interference, and the sensitivity of
the detection was nearly as good as that obtained under ideal laboratory conditions. For ex-
ample, the data shown in Figures 2-13 and 2-14 was measured using this wooden optical
bench and shows excellent sensitivity. The excellent performance of the PDS system under
these hostile conditions suggests that a properly designed PDS meter could be operated in the
proximity of a jet engine.

Next the PDS smoke meter was tested with smoke and compared to other instruments
(Figure 2-16). The sensitivity of the PDS smoke meter to smoke ranged from 0.04 to 3
mg/m® per mv of signal depending upon the laser power setting. The dynamic range of the
instrument was easily set by increasing or decreasing the laser power. The PDS meter was
regularly calibrated with NO, to measure the exact system response. The windows became
contaminated from smoke and the PDS signal was corrected in the following fashion: the
modulated pump laser power exiting the cell was measured with clean windows and moni-
tored continuously throughout the measurements to determine the average power of the
argon-ion beam in the cell.

In the first measurement of smoke, the PDS instrument showed a sharply decreased sensi-
tivity to smoke. The signal was about 20 times lower than expected. The lower signal was
due to the lower effective thermal diffusivity of smoke. The smoke particles give up the ab-
sorbed heat much more slowly than NO,. In order to increase the PDS signal from the
smoke particles, the chopping frequency was lowered from 750 Hz to 48 Hz. The PDS signal
increases with decreasing chopping frequency in the high frequency limit where the time it

takes heat to diffuse is short compared to the chopping period.?! At the lowered frequency of
48 Hz, the PDS meter showed excellent sensitivity to smoke.

Next it was determined that measurable interfering quantities of NO, were being produced
by the smoke generator. There was a PDS signal corresponding to about 0.3 mg/m’ of
smoke when all the smoke was filtered from the smoke generator output. The interfering
NO, was particularly troublesome at low levels of smoke (less than 1 mg/m?®). In order to re-
move this interfering gas, the air in the burner was replaced with a mixture of 20% oxygen
and 80% argon. All the nitrogen-bearing species in the burner were removed precluding the
formation of NO,. Since NO, is the only interfering gas, the PDS measurement of smoke
could be directly compared to measurements with other instruments.

The comparison of the PDS meter to the soiled tape meter is shown in Figure 2-18 for
high smoke levels. For all the PDS smoke measurements, a mass specific absorption
coefficient of 4, = 10 m?/g was used. The smoke generator output was very erratic, which
produced an unsteady PDS signal and made averaging of the PDS signal necessary. The
soiled tape meter averaged the smoke level over a period of about 2 minutes and the PDS
meter was averaged over the same period. The two meters showed good agreement at high
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levels (6 to 10 mg/m?®) but at levels below 2 mg/m?, the correspondence was poor. At lower
smoke levels (below 2 mg/m?) as shown in Figure 2-19, the soiled tape meter does not give
reliable readings. This is consistent with the results of Champagne’ who found the soiled
tape meter was over 100% uncertain for smoke levels below 0.5 mg/m?>.

A time history of the PDS and the TEOM signals for the lower range of smoke levels is
shown in Figure 2-20. Both the PDS and TEOM instrument show qualitatively similar signals
for smoke levels ranging from 0.3 to 2 mg/m’. At levels below 0.3 mg/m>, the TEOM in-
strument produces an unsteady signal, as seen in Figure 2-20, when the burner went out at
about 5 minutes. The TEOM signal oscillated, showing negative weights as low as -0.4
mg/m’ when the burner extinguished. During the same period, the PDS signal dropped
steadnl}y to zero. The PDS meter showed excellent resolution to smoke levels as low as 0.05
mg/m°.

2.2.6 Evaluation

From the NO, measurements simulating smoke absorption, the PDS smoke meter
demonstrated excellent sensitivity and signal-to-noise ratio down to 200 ;Lg/m The excel-
lent sngnal -to-noise ratio at 200 ug/ m’ in the NO, data indicate that measurements down to
25 ug/m?’ are possible with a sngnal to-noise ratio of 10. The NO, measurements show excel-
lent linearity from 0.2 to 20 mg/m?.

The PDS measurements of smoke showed a good comparison to the soiled tape results for
levels from 2-10 mg/m>. Below 1 mg/m?, the soiled tape meter is very inaccurate and the
comparison was poor. The TEOM and PDS instruments showed similar results measuring

25

4

15 -

|
|
torF | |
\

SMOKE DENSITY (mg/m3)

05|

0.0

r
1
/
J
0 1 2 3 4 5 6 7

]
I
|
L

TIME (minutes)

Figure 2-20. Comparison of the time history of smoke density from the PDS and TEOM instru-
ments

25



the time history of the smoke generator output from 0.3 to 2 mg/m’. Below 0.3 mg/m?, the
TEOM instrument would often oscillate, giving negative weights. The PDS instrument fol-
lowed smoke signals down to levels as low as 50 ug/m’. The results of the NO, and smoke
measurements demonstrate that the PDS meter can cover the smoke range of interest from
0.1 to 12 mg/m? with good accuracy and linearity.

The desired frequency response of 1 sampie per second given in Appendix A has been ac-
complished with the PDS system. All the smoke measurements were taken at a flow rate of 3
liters per minute, which is a residence time of 0.8 seconds in the PDS cell (39 cc volume).
The smoke measurements were taken with a lock-in amplifier time constant of 30 seconds be-
cause of the erratic fluctuations in the smoke generator output. However, the NO, measure-
ments simulating smoke absorption were all taken with a time constant of 1 second (except
for the very lowest level, 0.2 mg/m?® which was measured with a time constant of 3 seconds).

The major problem with the PDS instrument is interference from -NO, (16 ppm of NO, is
equivalent to 1 mg/m® of smoke). This interference could be alleviated by using a different
laser wavelength for the pump beam. A Nd:Yag laser (1.06 um wavelength) is a possible
choice since the NO, absorption is negligible at this wavelength. In addition, a Nd:Yag laser
with 4 W continuous power at 1.06 uwm is inexpensive. The only interfering gas at 1.06 um is
water vapor. The absorption coefficients of Nd:Yag light at 1.06 um were measured to be
12% per cm in liquid water at room temperature. Assuming the molecular absorption for wa-
ter vapor is the same, the specific absorption coefficient of water is:

2
Ayo= ——=—— = 12x107° m? (2-28)

This is almost 10° times lower than the absorption coefficient of smoke at the same wave-
length (= 10 m?/g). Water absorption equivalent to 100 ug/m? of smoke is:

10 m%/g

- 3
X0y, T BYm (2-29)

pu,0 = 100 ug/m’

However, the amount of water vapor in an engine exhaust is not small. Table 2-3 shows
some typical values of water absorption. The conditions set in Appendix A are shown (350
kPa, 430 K, 16% water) and the light absorption is substantial when measuring small levels of
smoke (water absorption equivalent to 0.34 mg/m?> of smoke). However, a PDS meter using
an ice trap (commonly used in gas sampling system) would reduce the water absorption to
negligible values (5.4 y,g/m3 of equivalent smoke) as seen in Table 2-3. These absorption
values are preliminary since liquid water values have been used and there is no correction for
pressure broadening of the molecular lines.

The PDS cell did require cleaning of the windows to improve the light transmission of the
cell. Since the average laser power in the -cell was measured to correct the PDS signal, the
contamination reduced only the signal-to-noise ratio. Designs with window purging would be
easy to construct to prevent any reduction in signal-to-noise ratio due to window contamina-
ton.
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Table 2-3

Water Absorption at 1.06 um

Relative Water Equivalent
P T Humidity | Xy PH.0 Absorption Smoke
(kPa) | (K) (%) ) | (g/m?) (m~") (ug/m?)
101 273 100 0.6 4.5 54 x 107 54
101 294 50 1.2 9.3 1.1 x 10-¢ 11.0
350* | 430* - 16* 282 34 x 1073 340

*Conditions set in **General Smoke Meter Requirements’” (Appendix A).
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Section 3

SUMMARY AND CONCLUSIONS

Two new optical smoke meters, modulated transmission (MODTRAN) and photothermal
deflection spectroscopy (PDS), have been tested experimentally. Both techniques have the
advantage of measuring optical absorption of smoke, which is closely related to the smoke
density. The MODTRAN technique is a variation on a direct transmission measurement
where smoke is passed through a transmission cell and the smoke density is modulated by a
speaker. The fluctuating component of the optical transmission, which is directly proportional
to the light extinction and the smoke density, is measured. The PDS technique is based on
heating a probe laser beam with modulated pump laser light which is absorbed by the smoke.
The smoke-laden gas is alternately heated and cooled by the action of the modulated pump
laser beam, which deflects the probe laser beam. The probe beam deflection is proportional
to the optical absorption and the smoke density. The performance of these two techniques is
evaluated against a set of ideal smoke meter criteria called the ‘*General Smoke Meter Re-
quirements’’ given in Appendix A. The results of this evaluation are discussed in the follow-
ing section and summarized in Table 3-1.

1. Accuracy. Within the instrument range of each technique, the accuracy of both instru-
ments is estimated to be about *+10%. Most of this uncertainty is in the specific absorp-
tion of smoke, which is found to vary for different types of smoke.!?

2. Range. The MODTRAN instrument was unable to resolve the low smoke levels (0.1 to
3 mg/m?®), and improvements in the technique are not expected to increase the sensitivi-
ty to the desired lower limit of 0.1 mg/m.> The PDS meter covered the entire range,
measuring smoke down to 0.05 mg/m?® and well above 12 mg/m? with good linearity and
signal-to-noise ratio.

3. Particle Size. Both techniques measure optical absorption of smoke, which is indepen-
dent of the particle size distribution for small particles (below 0.1 um diameter) that ab-
sorb light in the Rayleigh regime. Smoke samples that consist of primarily large particles
(0.5 to 1.0 xm) may result in inaccurate measurements of the smoke density. Most of
the measurements of particle size in jet engines indicate smoke particle sizes in the Ray-
leigh regime. Large particles are found only in the older engines with high smoke levels.

4. Frequency Response. The optical signal from both techniques has a fast time response,
and 1 Hz signal sampling times are easily achieved. For the MODTRAN instrument the
sample flow system limits the times response because the sample cell is large (3.8 liters).
At typical sample flow rates of 12 liters/min, the flow residence time is about 20 seconds.
The PDS sample cell is'much smaller (39 cc), and the typical flow residence time in the
cell is less than 1 second.

5. Digital Control. Both the MODTRAN and PDS technique produce analog signals that
can be easily digitized.

6. Exhaust Sample Conditions (350 kPa, 430 K, 16% H,0) The MODTRAN system would
require major design changes to operate at high temperature and high pressure. A more
rugged acoustic driver and pressure sensor would be needed to replace the speaker and
microphone. The PDS system has a passive cell that is easily adaptable to high-pressure
and high-temperature operation. '

7. Stability. Both techniques show good stability in maintaining calibration. There are
some problems with calibration drift and window contamination, but these could be al-
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10.

1.

leviated with straightforward design changes.

Smoke Discrimination. Since both techniques measure smoke absorption of visible light
(= 0.5 um), they have good specificity to smoke. The main interference is due to NO,
(16 ppm of NO, is equivalent to 1 mg/m? of smoke). The PDS technique could use a
Nd:Yag pump laser at 1.06 um wavelength where the NO, absorption is negligible. Pos-
sible interference by water vapor absorption at 1.06 um could be eliminated by condens-
ing the water vapor out of the sample gas with a cold trap.

Engine Environment. (Test cell conditions of 255-325 K temperature, 160 dB acoustic
noise, 50 um (0-200 Hz) vibration) Both techniques have been chosen because of their
ability to operate in a high level of acoustic noise. The phase-sensitive detection used in
both methods gives good discrimination against background noise. However, successful
operation of these optical systems with 160 dB of acoustic noise seems unlikely. A better
estimate may be 120 dB. The vibration sensitivity of these systems needs to be tested.
The most likely application of these smoke meters is in a quieter room adjacent to the

.. . .
test cell that hag the harsh conditions described abgove.

Calibration. Both systems have good calibration methods using measured amounts of
NO, to simulate smoke absorption.

Reliability and Maintenance. Both systems are more complex than the soiled tape me-
ter. However, the optical configurations are relatively simple. An industrial instrument
could be designed which featured simplicity of operation and reliability.

Clearly from these results, the PDS meter has been demonstrated to meet nearly all the

requirements of an ideal smoke meter. The PDS meter shows outstanding sensitivity to
smoke (down to 0.05 mg/m?), good linearity, and good frequency response. Use of a Nd:Yag
laser at 1.06 uwm should alleviate the optical interference of NO, which is often present in jet
engine exhausts.

Although the MODTRAN system showed good linearity, it was unable to measure smoke

levels below 3 mg/m>. Lower sensitivity is needed since modern jet engines are producing
smoke levels below 1 mg/m’. Also the MODTRAN cell lacked good frequency response
since the sample cell size was large.
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Smoke Meter Performance

Smoke Meter Requirement

Table 3-1

MODTRAN

PDS

w

. Accuracy (£ 10%)

. Range (0.1-12 mg/m?)

. Particle Size

(0.03-1 pm)

. Frequency Response

(1 Hz)

. Digital Control

. Exhaust Sample

Conditions (350 kPa,
430 K, 16% H,0)

. Stability
. Smoke Discrimination

. Engine Environment

(160 dB acoustic noise)

. Calibration Method

. Reliability and

Maintenance

Good (= 10%)

Poor
(310 >12 mg/m®)

Good

Poor

(Large cell size)
Good

Not established

Good
NO, Interference

Unlikely
(120 dB maximum)

Good

Good

Good (+10%)

Excellent
(0.05 to >12 mg/m?)

Good
Good
(1 Hz)
Good

Not established

Good
NO; Interference

Unlikely
(120 dB maximum)

Good

Good
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11.

Appendix A
GENERAL SMOKE METER REQUIREMENTS

. System inaccuracy must be less than 10% of reading or 0.2 milligrams/cubic meter,

whichever is higher, with resolution of 5% of reading. System inaccuracy is defined as
the difference, expressed as a percent of the known concentration, between a known
mass concentration input and the smoke meter output reading.

. The system must be capable of meeting the accuracy requirements over a mass concen-

tration range from 0.1 milligram/cubic meter to 12 milligrams/cubic meter.

The system must be capable of meeting the accuracy requirements over a particle size
range of from 0.03 micrometers to 1.0 micrometers.

The system must be capable of at least ]| mass concentration reading per second assuming
a properly conditioned sample delivered to the instrument input.

The system design must allow for digital control of all functions and for digital readout of
the system output.

The system must be capable of measuring the carbon content of a sample that is 16% wa-
ter vapor by volume that has a pressure of 350 kPa and a gas temperature of 430 K.

The system must have sufficient stability so that accuracy can be maintained with system
re-standardization on a one-half hour cycle. System must have a convenient and reliable
standardization system.

It is highly desirable that the system be able to differentiate between carbon particles that
are smoke and other constituents including gases and non-smoke particles introduced
into but not consumed by the combustion process.

The system must be packaged so that it can safely operate within specifications while lo-
cated close to the test vehicle/jet engine in order to maintain short sampling lines. The
control may be located in a less severe environment. The expected test cell environmen-

tal conditions include:

Temperature 255-325 K
Acoustic Noise 160 dB
Vibration 50 micrometers (0-200 Hz)

The system should have a reliable calibration method.

The system must be reliable and simple to operate, and must require a minimum training
time for operating technicians.
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